Abstract-TV White space, where secondary systems can be deployed inside the TV coverage area and utilize the geographically unoccupied TV channels, is considered as a promising solution to relieve the spectrum shortage. To utilize this spectrum, the secondary users must ensure the protection of TV reception from harmful interference on both co-channel and adjacent channels. In this paper, we propose an analytical approach to determining the permissible transmit power for short-range secondary users under aggregate adjacent channel interference constraint in TV white space. This approach employs statistical interference modeling which considers random deployment of secondary users, antenna gain pattern, shadow fading, and the cumulative effect of interference from multiple adjacent channels. Numerical results show that the proposed scheme permits significantly higher transmit power than the existing deterministic method does, while at the same time, it keeps the required level of TV protection. Therefore, considerable potential for the shortrange secondary access to TV white space is expected with our approach.
I. INTRODUCTION
With the rapid growth of wireless data traffic, the limited spectrum has become the bottleneck for the development of wireless services. Secondary access in the VHF/UHF TV band, often referred to as TV white space (TVWS), is considered as one promising solution to this 'spectrum scarcity' problem. It allows secondary users (SUs) to access the locally or temporally unoccupied TV channels, as long as the primary user (PU) is protected from the secondary interference. The abundance of the potential available spectrum in TVWS and its favorable propagation characteristics have attracted wide interests from academics and industry alike [1] .
The regulators, including FCC in the US [2] , CEPT in Europe [3] and Ofcom in the UK [4] , have taken the initiative to establish methodologies for estimating the TVWS availability, in terms of the permissible secondary transmit power at different locations on different channels. To facilitate the detection of spectrum availability, it is recommended to utilize the geo-location database, which contains information such as TV coverage area, terrain elevation, population density, and etc.
Previous studies in this area have mainly focused on the cochannel interference case, where the SUs are located outside the TV coverage area and transmitting on the same channel used by the TV broadcasting system [5] [6] . These analysis have extended the secondary transmit power allocation problem to multiple SU case, with either statistical or deterministic interference constraints.
Due to the imperfection of the TV receiver filter, however, the TV reception is subjected to not only co-channel interference (CCI) but also adjacent channel interference (ACI). Thus, even the SUs transmitting on non-broadcasting channels may still cause harmful interference to TV receivers near by. This is particularly true for the 'WiFi-like' or 'femtocell-like' short-range SUs that can be deployed with high density, as the cumulative effect of ACI over the spectral domain [7] could cause significant deterioration to the TV reception quality. However, unlike the CCI case where the geo-location database can be used to estimate the interfering link gain, it is very difficult to determine the ACI link gain between the SU and the victim TV receiver in its proximity, due to the uncertainty of the TV receiver location.
One deterministic approach, called 'Reference Geometry', was proposed in ECC report 159 [3] to address the ACI issue. Its basic concept is to define certain fixed ACI link geometries corresponding to the worst case scenario for different types of PU/SU deployments. In [8] , it is proposed to extend this method to include multiple SUs case by placing 3 SUs at the same reference distance. While this deterministic method is straightforward to implement, its inflexibility also leads to pessimistic estimation of the permissible transmit power on adjacent channels [9] .
Motivated by these facts, we propose a statistical approach to determine the permissible secondary transmit power under aggregate ACI constraint, exploiting the specific features of TVWS, such as the random deployment of SUs, TV receiver antenna directivity [10] , and the cumulative effect of ACI. The proposed method utilizes the information available in the geolocation database to estimate the permissible transmit power for different SUs, under PU protection constraint.
In the following of this paper, we will start by briefly explaining the system models in Section II. Then the permissible transmit power problem is described in Section III. Numerical results are shown in Section IV. Finally conclusions are drawn in Section V.
II. SYSTEM MODEL A. TV Coverage
Let us assume a TV transmitter broadcasting on a set of channels, X. The studied area is divided into small area ele- The measure for TV coverage quality is the location probability, defined as the chance of successful reception of any TV in that pixel. Unsuccessful TV reception is termed outage, either due to the TV signal fading or other interferences. For a TV in pixel i, the location probability without secondary interference is designated q
where, γ tv is the required minimum ratio between TV signal and TV self-interference, and I i tv is the received TV selfinterference power from other TV transmitters. The coverage area is defined by q i 1 ≥ q * , with q * being the minimum required location probability defined by the regulator. The set of pixels inside the coverage of channels x ∈ X is denoted as Λ tv X .
B. Interference from Secondary Users
To emphasize the cumulative effect of ACI, we consider a 'WiFi-like' or 'femtocell-like' short-range secondary system deployed inside the TV coverage area following spatial Poisson processes with density λ. The secondary transmit power is assumed to be limited by the aggregate adjacent channel interference constraint, due to their close distance to the potential victim TV receiver.
Inside Λ tv X , the SUs can access to the unoccupied channels, y ∈ Y : Y = X c (where X c is the complement of X, with all the channels in VHF/UHF band as the universal set). Assuming the SU is transmitting with power level P y su on channel y, the interference received by a TV on channel x in pixel i can be written as
Here g f is the channel fading random variable. g θ (θ) and g r (d) are the TV receiver antenna gain and the distance dependent pathloss between the SU and the TV receiver, respectively. Note that d is generally unknown and can only be [7] . estimated based on SU density, due to the uncertainty of TV receiver location. Therefore, any TV in the same pixel on the same channel would experience the same level of interference statistically.
C. Cumulative Effect of Multiple Adjacent Channels Interferences
It has been reported in [7] that, the permissible secondary transmit power in a given adjacent channel must be reduced, when more adjacent channels are accessed by SUs simultaneously. It indicates the cumulative effect of interferences from multiple adjacent channels.
To model this effect, we first define an equivalent CCI (I x su,a ) on TV broadcasting channel x, that would cause the same level of damage to the TV reception as the aggregate ACI from interferers on the neighboring channels y n ∈ Y . It can be approximated by the linear summation of ACIs, weighted by the protection ratio of each channel respectively
where γ su (∆f ) is the minimum required TV signal to SU interference ratio with frequency offset of ∆f (also known as protection ratio; see Fig. 2 ). G n = g f g θ (θ n )g r (d n ) denotes the coupling gain of the n th interfering link from adjacent channels. N is the total number of active SUs.
Without loss of generality, we can assume the aggregate interference received by all TV receivers in the same pixel have the same statistical properties. We further assume that, as the number of active SUs increases, the transmit power of SUs on different channels must be decreased with equal proportion, to satisfy the aggregate interference constraint as defined in the following section.
III. PERMISSIBLE TRANSMIT POWER UNDER ADJACENT
CHANNEL INTERFERENCE CONSTRAINT The permissible transmit power P i,y * su must be determined per pixel i and TVWS channel y based on the information available in the geo-location database, to ensure the reduced location probability q i,x 2 under secondary interference is no less than q * :
Here N y j is the number of SUs in pixel j on channel y. From the geo-location database's perspective, these SUs share the same interference properties, therefore they would be assigned with the same permissible transmit power level.
According to (4) , all SUs transmitting on the adjacent channels y ∈ Y , both inside and outside the coverage area of channel x may contribute to the aggregate ACI received by a TV in pixel i. In practices, however, we can limit our calculation to a few pixels j within the dominant interference region j ∈ Λ i ε , where the majority, (100 − ε)%, of the aggregate interference are generated [11] . For instance, our study has shown that, over 99.5% of the aggregate ACI in suburban environment would come from an area with radius less than 500 meters. Within this region, the differences in population densities and TV coverage qualities are almost negligible, thus we can assume that
Denoting the equivalent permissible transmit power on channel y as P j,x * su = P j,y * su γ(∆f x−y ), the constraint in (4) can be approximated as
where Z 
A. Cumulant Based Log-normal Approximation of Secondary Interference
Considering that the SU deployment follows Poisson spatial distribution, their aggregate interference can be approximated by different distributions, such as log-normal, shifted-lognormal or truncated-stable distribution [12] [13] .
We choose the log-normal approximation, because of its easy conversion into logarithmic scale, and good approximation of the upper tail of the aggregate interference distribution. By using the first two cumulants [14] of G i a , it can be approximated by a log-normal random variable G i a , with the following probability distribution function (pdf):
where µ G i a and σ G i a can be obtained by matching the cumulants of G i a to that of G i a using the following equations:
The cumulant κ m (G i a ) is given by
where R ε is the radius of the dominant interference region. µ m (G f ) and µ m (G θ ) are the m th raw moments of the distributions of channel fading and antenna gain, respectively. d 0 is the minimum separation distance between the TV receiver antenna and the interfering SU.
B. Log-Normal Approximation of TV Signal and TV Selfinterference
Assuming shadow fading in TV signals, Z i,x tv can be modeled as the difference between log-normal random variables and a linear constant. Recall that q
can be negative with probability 1 − q i,x 1 , thus it cannot be directly approximated as a log-normal random variable [15] . But if we apply conditional probability to (6) , it can be rewritten as
Since P i,x * su is non-negative, Pr{P by a log normal random variableẐ ∼ LN µẐ , σẐ by using method of moment [14] .
With the above approximation, we can now convert the constraint (12) into dB domain
Noting that both Z (dBm) and G i a(dB) follow normal distribution, we can solve the equivalent permissible transmit power as
where erfc −1 (·) is the inverse complementary error function. One SU transmitting channel, y, can be adjacent to different TV broadcasting channels, and have different constraints. But the permissible power is always limited by the TV channel most vulnerable to ACI. Thus the permissible transmit power for each unoccupied channel y is then given by
It is worth mentioning that, the permissible transmit power can be decided by each SU independently following the proposed procedure, requiring only the knowledge about the secondary user density, deployment scenario and the TV coverage quality at its own location. It is not necessary to know the exact locations of TV receivers.
IV. NUMERICAL RESULTS
In this section we first look into a test scenario to verify the proposed approach against simulations. Later, we applied the proposed procedure to obtain the spatial distribution of the permissible transmit power in a real-world environment for short-range secondary system.
A. Verification of the Proposed Approach
In the test scenario, we focus on a single pixel i located at D km away from the TV transmitter. The SUs are deployed in the pixel i and its surroundings, following Poisson spatial distribution with density λ i . Here we assume the studied pixel has 0.99 location probability without secondary interference.
In order to have a fair comparison with the reference geometry (Ref Geo) approach for multiple secondary transmitters described in [8] , here we also considered a suburban environment with outdoor SU and rooftop TV antenna. Propagation model ITU Recommendation P.1411 [16] for suburban area over rooftop link is adopted for the distance based pathloss g r (r). It follows the free-space pathloss for line-of-sight distance up to d LoS , and changes to a higher pathloss exponent after a certain breakpoint. This breakpoint distance is set to be larger than the reference distance, d ref , used in [8] , so that the secondary interference is not underestimated in our model. The minimum separation distance d 0 between the SU transmitter and PU receiver is only limited by the physical difference in their antenna heights. On the other hand, we also modified the pathloss model such that
because it is assumed in [8] that the highest interfering link gain is achieved at d ref .
The parameters for the test scenario are summarized in Table I . Only shadow fading is considered in this paper, as the wideband orthogonal frequency division multiplexing (OFDM) signal, used by the TV system and presumably also by the secondary system, is less prone to severe fast fading. A pair of the verification results are shown in Fig.3 and Fig.4 , where Monte Carlo simulation is performed to adjust the maximum SU transmit power iteratively until the protection requirement is satisfied. As we can see from Fig.3 , the proposed method slightly underestimate the permissible transmit power when the SU density is low. On the other hand, the estimated power level matches closely with the simulation result at higher SU density. The proposed method can always provide sufficient PU protection as seen in Fig.4 . In comparison, the reference geometry method is overly pessimistic, even in the case with very high SU density.
B. A Case Study: Permissible Transmit Power in Stockholm Area
Having verified the approximations, we now apply this method to a real environment, utilizing the population density [17] and terrain elevation information [18] . The initial study is focused on the Stockholm area (Fig.5a ). Here we assume the active SU density is one tenth of the population density and the SUs can select all the unoccupied TV channels with equal probability. There are one major TV transmitter (Tower A) with 280 meters height mast and 80 dBm equivalent isotropically radiated power (EIRP), and a smaller repeater station (Tower B) with 90 meters height and 55 dBm EIRP. Both transmitters are broadcasting on the same set of channels: channel 23, 42, 50, 53, 55, 56 and 59 [19] .
Here a conservative assumption is made that, the cluster height and TV receiver antenna deployment throughout the studied area are the same as the suburban case defined in IV-A, in order to avoid any discontinuity may be caused by using different propagation models at different locations. The TV coverage (Fig.5b) is obtained by using ITU Recommendation P.1546 [20] . Fig.6 depicts the permissible transmit power per SU in Stockholm area on channel 51 (the first adjacent channel to channel 50, which is occupied by the TV broadcasting system in this area). We can see that most area in Stockholm permit more than 10 dBm SU transmit power, except a fraction of the dense urban area where the permissible transmit power is reduced to around 0 dBm. Similar calculation can be repeated for other adjacent channels as well, which usually permit higher secondary transmit power than the first adjacent 
V. CONCLUSION
In this paper, we investigated the adjacent channel interference problem in secondary access to TV white space. A statistical approach based on geo-location database is proposed to determine the permissible secondary transmit power under aggregate adjacent channel interference constraint. The proposed approach considers many aspects of the secondary interference, such as, shadow fading, TV receiver antenna directivity, the random deployment of secondary users and the cumulative effect of interferences from multiple adjacent channels. The complexity for computing the permissible secondary transmit power is, however, reduced considerably by the log-normal approximation of the secondary interference. The numerical results show that, this statistical approach predicates much higher permissible transmit power than the existing deterministic framework, while providing a reliable primary user protection. Furthermore, this approach can be easily applied to the real-world scenarios. A sample analysis for Stockholm area indicates considerable potential for shortrange secondary access in TV white space.
In the future study, we will consider the effect of external co-channel secondary interference and the possible ways to combine different propagation models used for different environments, so that we can provide a comprehensive analysis of the TV white space availability.
